Hepatic metabolism and gene expression are among other regulatory mechanisms controlled by the cellular hydration state, which changes rapidly in response to anisotonicity, concentrative substrate uptake, oxidative stress, and under the inf luence of hormones such as insulin and glucagon. Differential screening for cell volume sensitive transcripts in a human hepatoma cell line revealed a gene for a putative serine͞threonine kinase, h-sgk, which has 98% sequence identity to a serum-and glucocorticoid regulated kinase, sgk, cloned from a rat mammary tumor cell line. h-sgk transcript levels were strongly altered during anisotonic and isotonic cell volume changes. Within 30 min h-sgk RNA was, independent of de novo protein synthesis, induced upon cell shrinkage and, due to a complete stop in h-sgk transcription, reduced upon cell swelling. Comparable changes of sgk transcript levels were observed in a renal epithelial cell line. h-sgk mRNA was detected in all human tissues tested, with the highest levels in pancreas, liver, and heart. The putative serine͞threonine protein kinase h-sgk may provide a functional link between the cellular hydration state and metabolic control.
Even at constant extracellular osmolarity, cell volume constancy is challenged by transport across the cell membrane and cellular metabolism leading to formation or disposal of osmotically active substances (1) . Cell swelling or shrinkage disturb the intracellular milieu by dilution and concentration, respectively, of cellular macromolecules leading to profound alterations of cellular function (2) (3) (4) (5) (6) . Thus, cells have developed a variety of cell volume regulatory mechanisms. In most tissues, cell swelling leads to a release of ions through activation of ion channels and͞or KCl cotransport and cell shrinkage stimulates ion uptake through activation of cation channels, NaCl͞KCl cotransport and Na ϩ ͞H ϩ exchange (1) . Moreover, cell shrinkage stimulates the accumulation and cell swelling the release or disposal of osmolytes, molecules specifically designed to create intracellular osmolarity (7) . Beyond that, alterations of hepatocyte cell volume profoundly modulate hepatocellular metabolism and gene expression (8, 9) . Cell swelling acts like an anabolic signal, stimulating protein and glycogen synthesis and simultaneously inhibiting glycogenolysis and proteolysis (8, 10) . Cell shrinkage, on the other hand, is a catabolic stimulus, activating glycogenolysis and proteolysis and inhibiting protein and glycogen synthesis (8) . Genes preferably expressed in shrunken cells include the phosphoenolpyruvate carboxykinase (11) , genes preferably expressed in swollen cells include ornithine decarboxylase (12) and the transcription factor c-jun (13) . Cell volume has been recognized as a decisive element in the regulation of hepatocellular metabolism by hormones (8, 14) , cumulative amino acid uptake (15) , and oxidative stress (16, 17) .
The signaling mechanisms that link cell function to changes of liver cell hydration are still ill defined. Changes in cell volume may exert some of their pleiotropic actions through the induction or repression of regulatory genes, whose products could in turn influence the expression or activity of a wide variety of cellular components. To test this hypothesis, a differential RNA fingerprinting assay was performed on cDNAs isolated from hepatocytes exposed to isotonic and anisotonic media to identify and characterize genes that are transcriptionally regulated by the cellular hydration state.
MATERIALS AND METHODS

Materials.
Fetal bovine serum and DMEM were obtained from GIBCO͞BRL. Enzymes were purchased from Stratagene and Boehringer Mannheim, ␣-[
35 S]dATP was obtained from ICN, and SuperScript reverse transcriptase was purchased from GIBCO͞BRL. PCR reactions were performed in a Crocodile II thermocycler (Appligene Oncor) using Prime Zyme DNA polymerase and PCR buffer from Biometra (Göttingen, Germany). RNA arbitrarily primed (RAP)-PCR primers were purchased from Stratagene, sequencing primers from MWG Biotec (Ebersberg, Germany). Manual sequencing was performed on an S2 sequencing apparatus from GIBCO͞BRL using the Fidelity DNA sequencing system (Appligene Oncor).
Cell Culture. HepG2 human hepatoma cells were maintained in DMEM͞5% CO 2 ͞5 mM glucose at 37ЊC, pH 7.4, supplemented with 10% (vol͞vol) fetal calf serum (FCS). Prior to RNA isolation, the cells were grown to 90% confluence and shifted into basal medium Eagle (BME, GIBCO͞BRL) without FCS for 12 hr. Hypertonic and hypotonic treatment was achieved by addition or removal of defined amounts of NaCl without changing the other components of BME. In experiments where the effects of amino acid addition were tested, the cells were kept in an amino acid free BME formulation 2 hr prior to amino acid addition.
RAP-PCR. RNA fingerprinting by arbitrarily primed PCR (RAP-PCR) was performed as described (18) . After electrophoresis through a 4% acrylamide͞7 M urea denaturing polyacrylamide gel, the PCR products were visualized with a modified silver staining procedure (19) . Any band clearly evident under one condition and absent in the other was subsequently confirmed by repeated reverse transcription and PCR using RNA isolated from new cultures. The RAP-PCR procedure was performed with four different primer pairs for cDNA synthesis and PCR amplification. Additionally, different annealing temperatures for the first round of amplification were used, ranging between 30ЊC and 40ЊC. Together with these modifications, a total of 64 PCRs were performed.
Band Recovery. Bands demonstrating reproducible differences were excised under sterile conditions. The amplicon was eluted overnight at 70ЊC in 100 l of elution buffer (50 mM KCl͞10 mM TRIS⅐Cl, pH 9.0͞0.1% Triton X-100). Reamplification by PCR was performed using 3.0 l of eluate, the appropriate primer (250 nM), 200 M dNTP, 1ϫ low salt buffer (Stratagene) with 1.5 mM MgCl 2 and 5 units of Taqϩ DNA polymerase (Stratagene) with the following temperature cycling profile: 1 cycle of 95ЊC for 60 sec, 30 cycles of 95ЊC (15 sec), 55ЊC (15 sec), 72ЊC (60 sec), and the last extension at 72ЊC for 5 min. After confirmation by PAGE that only one defined amplicon with the expected length was generated, this amplicon was directly used for probe generation.
Northern Blot Analysis. Digoxigenin (DIG)-labeled probes were generated by direct PCR labeling of the differential amplicons using the appropriate primers and conditions noted above except for dNTP concentrations as follows: 200 M dATP, 200 M dCTP, 200 M dGTP, 190 M dTTP, and 10 M DIG-dUTP (Boehringer Mannheim). Northern blots were prepared with 20 g of total RNA or with 2 g of poly(A) RNA that had been electrophoresed through 1% agarose gels in the presence of 2.2 M formaldehyde. Equivalent loading of samples was verified by ethidium bromide staining of the ribosomal RNA bands or by using a DIG-labeled antisense RNA probe against the human heterogeneous nuclear ribonucleoprotein C1 as internal standard when poly(A) RNA was examined. The size of RNA was estimated by the DIG-labeled Molecular Weight Marker I (Boehringer Mannheim). Vacuum blotting (Appligene Oncor Trans DNA Express Vacuum Blotter) was used for transfer on positively charged nylon membranes (Boehringer Mannheim), which were then cross-linked under ultraviolet light (Stratagene UV Stratalinker 2400). Hybridization overnight was performed in DIG-Easy-Hyb (Boehringer Mannheim) at a probe concentration of 25 ng͞ml or 100 ng͞ml and at 50ЊC or at 65ЊC for DNA probes or RNA probes, respectively. Samples demonstrating differential expression were subcloned using the pCR-Script SK(ϩ) cloning kit (Stratagene) and Northern blotting results were reconfirmed. Northern blots shown in the text are derived from these subclones.
Other Procedures. DNA sequencing from the pCR cloning vector was performed with the Fidelity DNA Sequencing System (Appligene Oncor). Sequencing products were labeled with ␣-[
35 S]dATP and resolved on a 6% polyacrylamide͞8 M urea sequencing gel. The GenBank database was searched (August 11, 1996) for homologous sequences, using the FASTA computer program (20) . The sequence of full-length h-sgk cDNA was obtained from the I.M.A.G.E. Consortium (clone ID 42669) from the American Type Culture Collection Special Collection of Human cDNA Clones (21) . Gene database searches were performed at the European Molecular Biology Laboratory (Heidelberg) using the BLAST network service and-for protein alignments-the BLITZ server connected to the latest release of the SwissProt protein database.
RESULTS
Differential Gene Expression After Hypotonic, Isotonic, and Hypertonic Exposure of HepG2 Cells. mRNA was isolated from HepG2 cells treated for 1 or 2 hr with hypotonic (hypotonic I: minus 100 mosmol͞liter by removal of 50 mM NaCl and hypotonic II: minus 50 mosmol͞liter by removal of 25 mM NaCl in comparison with the isotonic control medium), isotonic (with a total osmolarity of 290 mosmol͞liter and a NaCl concentration of 114 mM) or hypertonic (plus 50 mosmol͞liter by addition of 50 mM raffinose) medium. The mRNA was used as template for RAP-PCR using various random primers. The products of the RAP-PCR were displayed on denaturing polyacrylamide gels and run side-by-side for comparison. Several bands showed differential expression using various primers. Four differential bands from the RAP-PCR gel were analyzed further: two were revealed to be false positives upon Northern blot analysis, one was induced upon hypotonic and hypertonic conditions, but its sequence showed no similarities to any cloned gene. A band of about 500 bp, which showed increasing expression in cells treated with increasing extracellular osmolarity (hypotonic I-hypotonic II-isotonic-hypertonic), was purified from the gel and reamplified using primer RAP-A4. After labeling with DIG by PCR, a Northern blot containing RNA from a different preparation of cells treated for 2 hr with hypotonic I, isotonic, and hypertonic medium was probed with this amplicon to confirm its differential expression. A single transcript of about 2.6 kb strongly regulated by changing osmolarity could be observed (Fig. 1 ). Both directions of regulation occurred rapidly by changing the osmolarity: a down-regulation upon hypotonic treatment and an up-regulation upon hypertonic treatment.
Cloning and Sequencing of the Differentially Regulated h-sgk Gene. The 500-bp PCR product was subcloned into the pCR II vector and a new probe was generated using this construct to confirm identity between the original and subcloned DNA fragment. Rehybridization of a Northern blot with this probe gave identical results as with the original probe. Additionally, a Southern blot was performed with the new construct and hybridized with the original probe. A strong hybridization signal after two high-stringency washes further confirmed the sequence identity. Sequence analysis in both directions showed the presence of the arbitrary primer sequences at both ends of the amplicon. An amino acid sequence translated from one reading frame of the nucleotide sequence was found to have 95% identity with the carboxyl-terminal amino acid sequence of sgk (serum and glucocorticoidregulated protein kinase), a novel member of the serine͞ threonine protein kinase family cloned from a rat mammary tumor cell line (22) . Due to the distinct sequence similarity the designation h-sgk (human) was chosen for the clone under investigation. The GenBank database was searched for matching human sequences, using the FASTA computer program. Several expressed sequence tag DNA sequences from the ATCC Special Collection of Human cDNA Clones (21) showed 100% sequence identity with parts of the h-sgk cDNA fragment. After multiple alignments of 30 different ATCC human cDNA clones with the rat sgk cDNA sequence (GenBank accession no. L01624) and with the h-sgk DNA fragment, the I.M.A.G.E. Consortium construct with the clone ID 42669 from a human infant brain library was supposed to contain the complete coding sequence for h-sgk. Sequence analysis of this construct with confirmatory sequencing in sense and antisense direction revealed a cDNA sequence of about 2.4 kb. To verify the participation of full-length h-sgk in the described phenomenon, the 5Ј end of the clone (nucleotides 1-285 of the coding sequence) was subcloned into the pCR II vector and a new probe was generated using this construct. Hybridization of a Northern blot with this probe gave identical results as with the original probe (Fig. 1) . The longest open reading frame of the clone under investigation (1.3 kb) predicted a 431 amino-acid protein with an overall identity of 98% with the rat sgk protein.
Regulation of h-sgk Expression by Changes in Extracellular Osmolarity. To characterize h-sgk transcript levels in response to osmotic changes, HepG2 cells were incubated in hypotonic (190 mosmol͞liter), isotonic (290 mosmol͞liter), and hypertonic (390 mosmol͞liter) BME medium without FCS for various time periods. As shown in Fig. 2 , h-sgk transcript levels were strongly raised within 60 min of exposure to hypertonicity with the first noticeable increase after 30 min and a maximum after 2-4 hr, suggesting that induction of h-sgk is an immediate response to this stimulus. Transcript levels continued to accumulate for 4-8 hr of exposure to hypertonic BME medium, with a subsequent decrease nearly to starting levels after 16-24 hr (Fig. 2) . On the other hand, a rapid decrease of h-sgk transcript levels could be observed upon exposure to hypotonicity starting with the first visible decrease after 30 min and a maximum after 2 hr. Different degrees of osmotic changes (140, 190, 240, 290, 340, 390, and 440 mosmol͞liter) were tested for an incubation period of 2 hr (Fig. 3) . The increase of the osmolarity from 290 to 340 mosmol͞liter, and its decrease from 290 to 240 mosmol͞liter were sufficient to distinctly change the transcript levels of h-sgk, suggesting a transcriptional control mechanism very sensitive to extracellular osmolarity. The induction of h-sgk RNA was independent of de novo protein synthesis. A comparable increase of transcript levels upon addition of hypertonic BME medium could be observed in the absence and presence of the protein synthesis inhibitor cycloheximide (10 g͞ml), with higher h-sgk transcript levels throughout the presence of cycloheximide (Fig. 4) . The rapid reduction in h-sgk transcript levels soon after lowering the extracellular osmolarity suggested that h-sgk mRNA had a particularly short half-life. To determine the rate of decay of h-sgk transcripts, HepG2 cells were treated with hypertonic medium (390 mosmol͞liter) for 2 hr to maximally raise h-sgk transcript levels. Then to one part of the cells the RNA-polymerase inhibitor actinomycin D (5 g͞ml) was added and the other part of the cells was shifted into hypotonic medium (190 mosmol͞liter). After various time periods, RNA was prepared and the transcript levels were compared between cells treated with actinomycin D and hypotonic medium (Fig.   FIG. 3 . h-sgk transcript levels in dependence of extracellular osmolarity. Prior to total cytoplasmic RNA isolation, HepG2 cells were kept in hypotonic (minus 50, minus 100, and minus 150 mosmol͞ liter) and hypertonic (ϩ 50, ϩ 100, and ϩ 150 mosmol͞liter) solution for 2 hr. The basal expression under isotonic conditions (iso, 290 mosmol͞liter) is shown in the middle lane. Arrow indicates the single 2.6-kb h-sgk transcript. Regulation of h-sgk Transcript Levels in Response to Isotonic Cell Volume Changes. To discriminate between the effects of cell volume and those of ionic strength or osmolarity, two different maneuvers were performed to change the cell volume without changing the extracellular osmolarity. Isotonic cell shrinkage was achieved by blocking the NaCl͞KCl cotransporter and the Na ϩ ͞H ϩ exchanger with bumetanide and HOE694, respectively. Isotonic cell swelling was induced by addition of diverse amino acids after a 2-hr incubation period in BME medium without amino acids. As shown in Fig. 6 , addition of bumetanide (10 M) together with HOE694 (10 M) increased within 2 hr h-sgk expression, which could be further stimulated by hypertonic treatment. Addition of an amino acid mixture in form of 1ϫ BME amino acids (GIBCO͞ BRL) resulted in a marked and rapid decrease of h-sgk expression (Fig. 6 ). These data indicate that indeed cell volume rather than osmolarity modifies transcriptional regulation of h-sgk in HepG2 cells.
To test if glucocorticoids and FCS influence transcription levels of h-sgk in HepG2 cells analogous to what was observed for sgk RNA in rat Con8.hd6 mammary tumor cells by Webster et al. (22) , cells were treated with dexamethasone (1 M) and with FCS (10%) for 2-12 hr. No changes in h-sgk transcript levels could be observed by Northern blot analysis after this pretreatment, suggesting different transcription regulatory mechanisms in human HepG2 cells (data not shown).
Regulation of sgk Transcript Levels by Anisotonicity in Madin-Darby-Canine Kidney (MDCK) Cells. To investigate if the observed regulation is a peculiarity of HepG2 cells, MDCK cells were exposed to hypotonic (190 mosmol͞liter) and hypertonic (390 mosmol͞liter) BME medium 2 hr prior to RNA isolation. sgk transcripts with a length of about 2.6 kb could be identified even after several high-stringency wash steps with 0.5 ϫ SSC (1ϫ SSC ϭ 0.15 M sodium chloride͞0.015 M sodium citrate, pH 7) at 65ЊC, suggesting distinct sequence homology of the sgk gene between different species. As a result, changing transcript levels comparable to that observed in HepG2 cells could be detected in the MDCK cells (Fig. 7) .
Tissue-Specific Expression of h-sgk. Since h-sgk cDNA had been isolated from a human hepatoma cell line, the tissue distribution of h-sgk mRNA in different human tissues was tested. To this purpose a premade Multiple Tissue Northern Blot (CLONTECH) was probed with the h-sgk DNA probe. As shown in Fig. 8 , h-sgk expression has a distinct pattern of tissue specificity, with highest levels found in the pancreas, liver, and cardiac muscle. A somewhat lower expression was found in placenta, lung, and skeletal muscle. Low but detectable levels were found in brain and kidney. Surprisingly, a second transcript of 7 kb could be observed in nearly all tissues, being most prominent in human pancreas, which may represent another h-sgk mRNA species generated by alternative splicing or a gene homologous to h-sgk. This 7-kb transcript was not observed in any of the HepG2 Northern blots.
DISCUSSION
In this study, one of the genes shown to be regulated on the transcriptional level during anisotonic and isotonic alterations of cell volume, h-sgk, encodes a putative human serine͞ threonine protein kinase with distinct sequence homology to sgk, which was recently isolated as a serum and glucocorticoid regulated gene from a rat mammary tumor cell line (22) , as an injury-induced gene after central nervous system injury in rat brain (23) and as a testosterone-and follicle-stimulating hormone-induced gene in granulosa cells of rat ovary (24) . The h-sgk gene encoded 49-kDa protein shares Ϸ98% overall sequence identity with the rat sgk protein with mainly conservative amino acid exchanges. It has Ϸ50% homology throughout its catalytic domain with several kinases of the second messenger family, including rac protein kinase, protein kinase C, ribosomal protein S6 kinase, and cAMP-dependent protein kinase (22, 25) .
The expression level of the 2.6-kb h-sgk transcript in HepG2 cells was strongly regulated by anisotonic exposure of the cells in both directions. Increased transcript levels could be detected within 30 min of exposure to hypertonic extracellular fluid. This induction was independent of de novo protein synthesis, revealing this response as a primary one. Reduction of transcript levels occurred similarly within 30 min of exposure to hypotonic extracellular fluid. The time course of this down-regulation coincided perfectly with the decrease induced by actinomycin D suggesting a reduction of the h-sgk transcription rate. This reduced h-sgk transcription rate upon hypotonic treatment in combination with the short half-life could potently regulate the steady-state transcript levels of h-sgk RNA in HepG2 cells. Consistent with these properties of the h-sgk transcript are several AU-rich regions in the 3Ј untranslated region of h-sgk, which are similar to those implicated in the rapid turnover of certain early response oncogenes (26) and cytokines (27) .
Induction of isoosmotic cell volume changes similarly regulated the h-sgk expression. Cell shrinkage was achieved by inhibition of the major ion uptake mechanisms Na ϩ ͞H ϩ exchanger (28-30) and the NaCl͞KCl cotransporter (31, 32) by their specific blockers HOE694 and bumetanide, respectively. Cell swelling induced by the addition of amino acids is due to the concentrative uptake of amino acids by means of Na ϩ -dependent amino acid transporters such as system A, N, and ASC in the plasma membrane of hepatocytes (33) (34) (35) (36) (37) (38) (39) (40) . Thus, the transcript levels were correlated with cell volume rather than osmolarity. Upon prolonged exposure to hypertonic extracellular fluid, the transcript levels increased within the first 30 min and remained enhanced for as long as 8 hr before gradually declining toward isotonic values. This long-lasting increase of transcript levels is in seeming contrast to the rapid time course of cell volume regulation. However, upon exposure to anisotonic extracellular fluid, liver cells do not fully regulate but remain slightly shrunken or swollen in hypertonic and hypotonic extracellular fluid, respectively, (ref. 8 and unpublished observations). These residual changes of cell volume may be the trigger for the expression of h-sgk. This does not necessarily mean that it is cell volume as such that regulates the transcription of h-sgk. Rather, during the anisotonic and isotonic alterations of cell volume, another cellular parameter could have been modified that in fact influences the expression of the kinase. Such a parameter could be macromolecular crowding, which has been invoked to strongly influence cellular function (41) . Because the expression of the kinase is modified during isotonic and anisotonic cell volume changes, its actions are likely to mediate some alterations of cellular functions during changes of cell volume. However, the kinase does not necessarily contribute to cell volume regulation, i.e., stimulate cell volume regulatory ion transport or participate in regulation of cellular osmolyte metabolism.
Despite the striking sequence homology to the rat sgk protein, no parallels with the regulation as originally described by Webster et al. (22) could be observed in HepG2 cells. Neither serum (FCS) nor glucocorticoids (dexamethasone), which had been shown to strongly induce sgk transcription levels in rat mammary tumor cells regulated the h-sgk transcript levels in HepG2 cells, which may be due to different h-sgk promoter sequences in different cell types. Accordingly, cell volume or cell volume-related parameters may not be the only regulators of h-sgk expression and the stimuli modifying h-sgk expression may vary among different cell types. A cell volume dependent regulation similar to that observed in HepG2 cells was also detected in renal epithelial MDCK cells. Examination of the sgk 5Ј flanking sequences in different cell types will be necessary to find regulatory elements that can account for the observed differences in the transcriptional control of sgk. Similar to the described glucocorticoid and serum induction profile of sgk in rat mammary tumor cells, h-sgk RNA was elevated within 30 min of hypertonic treatment. The half-life of the h-sgk transcripts in HepG2 cells was with 30 min just as short as the sgk half-life in rat mammary tumor cells determined by treatment with the RNApolymerase inhibitor actinomycin D. Whereas most protein kinases are regulated in their catalytic activities by posttranslational mechanisms like interaction with regulatory proteins (42) or by phosphorylation (43) , the sgk kinases seem to belong to a newly emerging subfamily of serine͞threonine protein kinases, including snk, sgk, plk, and fnk, which are predominantly regulated at the transcriptional level by hormone-or mitogen-induced pathways (22, 25, (44) (45) (46) (47) (48) (49) . The rapid induction, the short half-life, and the particularly short regulatory sequence of the sgk kinases with no significant homologies to other regulatory sequences of protein kinases may serve as further indications in this context.
The h-sgk protein kinase transcript is expressed in all human tissues so far analyzed. The exceptionally high expression in human pancreas and liver may be a consequence of specialized secretory functions of these epithelial tissues. Activation of secretion is paralleled by loss of KCl and cell shrinkage in salivary glands, pancreatic acinar cells (50-52), and shark rectal glands (53) . The cell shrinkage associated activation of the h-sgk transcription could explain the distinct h-sgk expres- sion levels in these tissues. The strict and rapid transcriptional control of sgk expression by various stimuli like cell volume, glucocorticoids, growth factors (22) , testosterone, and folliclestimulating hormone (24) and cell injury (23) may account for the different expression levels with respect to human tissues in a selection of various rat tissues (22, 23) . There, the highest expression levels were found in kidney and intestine in one study (23) and in thymus, ovary, and lung in another study (22) .
Protein phosphorylation is a rapid and reversible means of transducing signals from the extracellular environment that lead to pleiotropic cellular responses (54) . The h-sgk protein kinase, by phosphorylation of specific target proteins, may be one of the secondary mediators of a subset of cellular responses to cell shrinkage and cell swelling and may represent, at least in part, a hitherto missing link between cell hydration and cell function.
